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ARTICLE INFO ABSTRACT

Ar!icl_e history: Aquatic ecosystems located close to agricultural areas are increasingly polluted by herbicides. We eval-
Received 25 February 2009 uated the capacity for adaptation of green microalgae to lethal concentrations of the herbicide simazine
iece“’e‘ég‘ée"'fd fz"(;g;s October 2009 in one strain of Dictyosphaerium chlorelloides and two strains of Scenedesmus intermedius, as well as

Ecepte! ctober adaptation to the herbicide diquat in one of the strains of S. intermedius. A Luria-Delbriick fluctua-

tion analysis was carried out in order to distinguish between resistant cells arising from physiological
Keywords: adaptation (acclimatization) or post-adaptive mutation (both events occurring after the exposure to the
Adaptation o . A ” Ty . 4 .

2 7 : herbicides), and adaptation due to mutations before the exposure to the herbicides. Simazine-resistant
Dictyosphaerium chlorelloides . . . . 6
Diquat cells arose by rare spontaneous mutations before the exposure to simazine, with a rate of 3.0 x 10-°
Mutation mutants per cell per generation in both strains of S. intermedius, and of 9.2 x 10-% mutants per cell per
Scenedesmus intermedius generation in D. chlorelloides. Diquat-resistant cells in S. intermedius arose by pre-selective mutations
Simazine with a rate of 17.9 x 10-° per cell per generation. Rare, pre-selective mutations may allow the survival

of green microalgae in simazine- or diquat-polluted waters, via herbicide-resistant selection. Therefore,
human-synthesized pollutants, such as the herbicides simazine and diquat, could cause the emergence
of evolutionary novelties in aquatic environments.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

At present, global extinction rates of organisms are 50-500
times background and are increasing due to human activities that
are altering biosphere-level processes (Woodruff, 2001). The biodi-
versity crisis is reasonably understood for multi-celled organisms,
but little is known about organisms as abundant and ecologi-
cally important as microalgae and cyanobacteria, which are the
base of trophic webs in aquatic ecosystems (Falkowski and Raven,
1997). One of the causes of the present biodiversity crisis is
intensive agriculture, because it is supported by the massive use
of compounds with biocidal properties (Tilman, 1999; Malato
et al., 2001). Freshwater habitats close to agricultural areas are
sinks for a large array of herbicides, so that phytoplankters are
exposed to a multitude of these toxic compounds (Junghans et
al., 2006). In fact, it is considered that herbicides are among the
most significant human-synthesized pollutants in aquatic ecosys-
tems (Koenig, 2001). The unwanted side effects of herbicides
include the selection of non-target species and strains (Belfiore and
Anderson, 2001; Palumbi, 2001). In fact, it has been proposed that
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the emergence of unpredictable evolutionary novelties (such as
resistant-herbicide phytoplankters) could be a distinctive feature of
the future biosphere (Myers and Knoll, 2001). Therefore, although
phytoplankters usually experience local extinction in herbicide-
polluted waters they can also develop two different possibilities
to survive the harmful effects of herbicides: new genetic vari-
ants originating by spontaneous mutation can be selected (genetic
adaptation) (Sniegowski and Lenski, 1995; Belfiore and Anderson,
2001; Sniegowski, 2005), or else gene expression can be modified
(physiological adaptation, also called acclimatization; Bradshaw
and Hardwick, 1989). However, some evolutionary studies in bac-
teria (Cairns et al., 1988; Foster, 2000; Roth et al., 2006) and yeasts
(Heidenreich, 2007) have suggested that adaptive mutations could
be a process resembling Lamarckism which, in the absence of
lethal selection, produces mutations that relieve selective pres-
sure. Therefore, the key to this debate is to know whether the
adaptation process allowing phytoplankters to survive and pro-
liferate in herbicide-polluted waters appears before or after the
exposure of the cells to the herbicide. Fig. 1 shows the differ-
ent adaptive possibilities for phytoplankton in herbicide-polluted
waters. In this framework, we recently demonstrated that the
freshwater cyanobacterium Microcystis aeruginosa could prolif-
erate in algaecide copper-polluted (Garcia-Villada et al., 2004)
or the herbicide glyphosate-polluted (L6pez-Rodas et al., 2007)
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